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Streptomyces griseolus ATCC 117% contains two inducible, herbicide-metabolizing cytochromes P-450
previously designated P-450su1 and P-450SU2 (P-450CVAl and P-450CVB1, respectively, using nomenclature
of Nebert et al. [D. W. Nebert, M. Adesnik, M. J. Coon, R. W. Estabrook, F. J. Gonzalez, F. P. Guengerich,
I. C. Gunsalus, E. F. Johnson, B. Kemper, W. Levin, I. R. Phillips, R. Sato, and M. R. Waterman, DNA
6:1-11, 1987]). Using antibodies directed against cytochrome P-450su1, its N-terminal amino acid sequence,
and amino acid composition, we cloned the suaC gene encoding cytochrome P-450su1. Similar information
about the cytochrome P-45OSU2 protein confirmed that a gene cloned by cross-hybridization to the suaC gene
was the subC gene encoding cytochrome P-450SU2. The suaC and subC genes were expressed in Escherichia coli,
DNA for both genes was sequenced, and the deduced amino acid sequences were compared with that of the
well-characterized cytochrome P-45OcA, from Pseudomonas putida. Both cytochromes P-450su1 and P-450SU2
contain several regions of strong similarity with the amino acid sequence of P-45OcAm, primarily in regions of
the protein responsible for attachment and coordination of the heme prosthetic group.

Streptomyces griseolus ATCC 11796 is capable of metab-
olizing a number of sulfonylurea herbicides to compounds
that often exhibit reduced phytotoxicity (23, 24, 30). It does
so via two sulfonylurea-inducible cytochrome P-450 mono-
oxygenases designated cytochrome P-450su1 and cy-
tochrome P-450SU2 (24). Partial characterization and recon-
stitution studies (23, 24) suggest that the two inducible P-450
monooxygenase systems of S. griseolus resemble the three-
component cytochrome P-450CAM camphor oxidation sys-
tem of Pseudomonas putida ATCC 17453 (12). In the P-
450CAM system, the genes for the three components,
putidaredoxin reductase, putidaredoxin (iron-sulfur protein),
and cytochrome P-450c,m, have been designated camA,
camB, and camC, respectively (15, 28). In line with this
genetic nomenclature and anticipating the genetic character-
ization of all the components of the S. griseolus systems, we
propose to name the gene for cytochrome P-450su1 suaC and
the gene for cytochrome P-450SU2 subC.
We are interested in analyzing the genes for these sulfo-

nylurea-metabolizing systems and how they are regulated to
understand how a soil organism responds to and metabolizes
chemicals foreign to its environment. Additionally, we
would like to introduce these genes into plants to enable
them to metabolize sulfonylureas to less phytotoxic com-
pounds. In this study, we used the characteristics of the
cytochrome P-450su1 and P-450SU2 apoproteins (amino acid
composition, NH2-terminal sequence, and antigenicity) and
their relatedness to one another to identify and clone the
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genes suaC (P-450su1) and subC (P-450SU2). We also se-
quenced the DNA encoding these two proteins, expressed
them in Escherichia coli, and compared the deduced amino
acid sequences of cytochromes P-450 u1 and P-450SU2 with
that of the best-studied bacterial cytochrome P-450, that of
P-450CAM in P. putida.

MATERIALS AND METHODS
Materials. General chemicals were obtained from a num-

ber of standard sources including Sigma Chemical Co. (St.
Louis, Mo.) and International Biotechnologies, Inc. (New
Haven, Conn.). Restriction enzymes and DNA modification
enzymes were obtained from New England Bio-Labs, Inc.
(Beverly, Mass.), Bethesda Research Laboratories, Inc.
(Gaithersburg, Md.), Boehringer Mannheim Biochemicals
(Indianapolis, Ind.), and U.S. Biochemical Corp. (Cleve-
land, Ohio). [a-32P]dCTP (800 or 3,000 Ci/mmol), [a-
32P]dATP (800 Ci/mmol), [a-35S]dATP (1,350 Ci/mmol), and
[y-32P]ATP (3,000 Ci/mmol) were obtained from Dupont,
NEN Research Products (Boston, Mass.). I251-labeled pro-
tein A (>30 mCi/mg) was obtained from ICN Radiochemi-
cals (Irvine, Calif.). Sulfonylurea compounds were obtained
from Du Pont Co. (Wilmington, Del.). Bacteriological me-
dium was obtained from Difco Laboratories (Detroit,
Mich.). Ampicillin, kanamycin, and tetracycline were ob-
tained from Sigma. Reagents for immunodetection of pro-
teins (Western blots) were obtained from Bio-Rad Labora-
tories (Richmond, Calif.).

Purification, preparation of antisera, N-terminal amino acid
analysis, and amino acid composition of cytochromes P-450su1
and P-450su2. Cytochrome P-450su1 was purified as previ-
ously described (24), and anti-cytochrome P-450su1 rabbit
polyclonal antibodies were prepared from protein electroe-
luted from polyacrylamide gels (23). Cytochrome P-450SU2
was purified by a procedure identical to that used for
P-450su1 (24) with the exception that the retention time on
anion-exchange high-pressure liquid chromatography was
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FIG. 1. Reverse-phase high-pressure liquid chromatography of purified cytochromes P-450su1 and P-450SU2. About 2 nmol of each protein
was injected. For each sample, apoprotein was collected while the detector indicated A220 . 0.2.

-26 min, compared with -35 min for P-450su1. A typical
preparation from 200 ml of cell paste containing 400 nmol of
total cytochrome P-450 yielded -40 nmol of cytochrome
P-450su1 and -10 nmol of cytochrome P-450SU2. Denaturing
polyacrylamide gel electrophoresis (Mr = 46,500 for P-
450sul, and Mr = 46,000 for P-450SU2), and reverse-phase
high-pressure liquid chromatography (Fig. 1) were used to
judge these proteins essentially homogeneous. Purified na-
tive cytochromes prepared in this manner exhibited room
temperature A418/A280 values of 1.72, and 1.78 for P-450sul
and P-450SU2, respectively.
To prepare polyclonal antisera to cytochrome P-450SU2,

we electrophoresed on polyacrylamide gels the 30 to 60%
ammonium sulfate fraction of protein extracts of S. griseolus
PH2042 cells induced by chlorimuron ethyl plus 10 mM
aniline. The approximately 44-kilodalton (kDa) band corre-
sponding to cytochrome P-450SU2 was cut out of the gel.
Polyclonal antiserum directed against cytochrome P-450SU2
was obtained after subcutaneous injection of powdered
polyacrylamide gel slices containing cytochrome P-450SU2
into New Zealand White rabbits. Antiserum raised against
this 44-kDa protein bound to chromatographically purified
cytochrome P-450SU2 but did not cross-react with purified
cytochrome P-450su1 (see Fig. 6) or other S. griseolus
proteins in the 40- to 50-kDa range.
Reverse-phase chromatography and preparation of apo-

proteins was as described previously (22), using a Vydac C-4
column (type 214TP54, 4.5 by 250 mm) and utilizing a
combination of linear gradients (flow = 1.0 ml/min) starting
with 5% solvent B in solvent A, progressing from 5 to 40%
solvent B between 1 to 5 min and from 40 to 100% solvent B
between 5 and 30 min. Solvent A was 0. 1% trifluoracetic acid
in water; solvent B was 0.1% trifluoracetic acid in acetoni-
trile. Preparations of the apoproteins from this step were
subjected to reduction with dithiothreitol and alkylation with
iodoacetic acid to make the carboxymethylcysteine deriva-
tive (9) and, after rechromatography on the reverse-phase
column, were used to determine amino acid compositions (1)
and NH2-terminal sequences (17).

Bacterial strains and plasmids. E. coli MC1061 (5) was
used as a plasmid-cloning host; E. coli Y1088, Y1089, and
Y1090 (40) were used as hosts when working with Xgtll
clones. E. coli LE392 (20) was used as a host when working
with XEMBL4 clones. The plasmids pUC18 and pUC19 were
used in E. coli subclonings (39). S. griseolus ATCC 11796
and derivatives S. griseolus PH2001 and PH2042 (P. Harder,
unpublished data) were the sources of cytochrome P-450su1,
cytochrome P-450SU2, and DNA encoding the suaC and
subC genes.

Bacteriological.methods. E. coli cultures were grown on
LB agar and in LB or NZYCM broth at 30 to 42°C depending
on the strain used (18). When used for selection, ampicillin
was added at 100 ,ug/ml, tetracycline at 10 ,ug/ml, and
kanamycin at 50 p,g/ml. E. coli was transformed as described
previously (6). E. coli strains lysogenic for Xgtll derivatives
were made by infecting E. coli Y1089 at a multiplicity of
infection of approximately 5 and screening surviving E. coli
cells for sensitivity to 42°C (lysogens).

S. griseolus was grown in sporulation broth (0.1% [wt/vol]
beef extract, 0.2% [wt/vol] tryptose, 1% [wt/vol] glucose, pH
7.1) at 30°C.
DNA isolation and manipulation. Total DNA from S.

griseolus was isolated after lysozyme treatment in 150 mM
NaCI-100 mM EDTA (pH 8.0)-10 mg of lysozyme per ml at
37°C for 2 h. Sodium dodecyl sulfate (SDS) was added to a
concentration of 1%, and the mixture was heated at 65°C for
10 min to lyse the cells. CsCl (1.1 g/ml of lysate) was added
along with approximately 100 ,ug of ethidium bromide per
ml, and the solution was centrifuged in a Beckman VTi65
rotor for 12 h at 50,000 rpm. The DNA band was removed
from the tube, and the ethidium bromide was extracted with
NaCl H20-saturated isopropanol and the CsCl was re-
moved by repeated ethanol precipitations.

Plasmid DNAs were isolated either by rapid miniprep
procedures (18) or by the alkaline lysis method and subse-
quent CsCl-ethidium bromide density gradient centrifugation
(18). DNAs from XEMBL4 and Xgtll recombinants were
isolated by the plate lysate method (18).
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DNA manipulations, restriction digestions, and subclon-
ing of DNAs were performed essentially as described previ-
ously (18). Nick translation of DNAs was performed with
[a-32P]dCTP as the label (29), and 5' end labeling of oligo-
nucleotides was performed as described previously (18).
DNA filter hybridizations. Southern transfers ofDNA from

agarose gels to nitrocellulose or Genescreen II (Dupont,
NEN Research Products) were performed as described
previously (33). DNA from bacteriophage plaques in petri
dishes was affixed to nitrocellulose as described previously
(18). When cloned DNA fragments were used as hybridiza-
tion probes, hybridization was performed in 6x SSPE (lx
SSPE is 0.18 M NaCl, 10 mM NaPO4, 1 mM EDTA, pH
7.4)-5x Denhardt solution (7)-100 ,ug of boiled, sonicated
calf thymus DNA per ml-50% (vol/vol) formamide at 42 to
52°C. Filters were washed four times for 5 min each in 2x
SSPE-0.5% SDS at room temperature and then twice for 10
min each in 0.5x SSPE-0.5% SDS at 42°C. When an
oligonucleotide probe was used, hybridization was per-
formed in 5x SSPE-5x Denhardt solution-100 ,ug of boiled
sonicated calf thymus DNA per ml-1% SDS at 50°C. Filters
were washed four times for 5 min each in 6x SSPE-0.5%
SDS at room temperature and twice for 10 min each in 6x
SSPE-0.5% SDS at 60°C.

Construction and screening of bacteriophage A DNA librar-
ies. A Agtll library of S. griseolus DNA was made as
described previously (34). The library consisted of approxi-
mately 4.8 x 106 independent plaques (-30% with inserts).
Polyclonal rabbit anti-cytochrome P-450SU1 antiserum (23)
was preadsorbed to remove anti-E. coli antibodies by the
pseudoscreening method (34). Screening of the Agtll-S.
griseolus DNA library was performed as described previ-
ously, using 125I-protein A to detect positive clones (34).
A XEMBL4 (10) library of 10- to 20-kilobase (kb) partially

Sau3AI-digested DNA fragments of S. griseolus inserted
into the BamHI site of XEMBL4 was made (approximately
6.5 x 106 independent phage) (18). The library was screened
with 32P-labeled nick-translated DNA as a probe (18).
A size-fractionated library of S. griseolus 2.0-kb BamHI

DNA fragments was made in pUC19. S. griseolus PH2001
DNA (10 p.g) was digested to completion with BamHI and
electrophoresed in a low-melting-point agarose gel. DNA
from the 2.0-kb region of the gel was cut out and eluted. This
DNA was then cloned into BamHI-cut pUC19 DNA.
DNA sequencing. The 2.4-kb BamHI DNA fragment con-

taining the suaC gene was cloned in both orientations in
pUC118, and a set of deletions (endpoints every -0.1 kb)
was made by exonuclease III digestion (14) of the plasmids.
The 2.0-kb DNA fragment containing the subC gene was
sequenced after subcloning it into M13. Single-strand DNA
was made from each deletion plasmid or M13 clone and
sequenced by the dideoxy-chain termination method (31).
Sequencing reactions with 7-deaza-dGTP (19) and Seque-
nase (U.S. Biochemical Corp.) were used to give better
reading of the high percent G+C Streptomyces DNA (19).
The DNAs were sequenced on both strands, and the se-
quences were analyzed by using the University of Wisconsin
DNA analysis programs (8).

Protein gel electrophoresis and Western blot analysis. E.
coli lysogens were grown in 10 ml of LB broth at 30°C to an
optical density of 0.5 at 600 nm, and then 50 ,ul of 0.1 M
isopropyl-B-D-thiogalactopyraioside was added and the cul-
ture was incubated at 44°C for 10 min. The cultures were
then shaken at 37°C for 1 h. The cells were pelleted at 5,000
x g for 5 min, washed with TBS (150 mM NaCl, 50 mM Tris
chloride, pH 8.1), and then suspended in TBS plus 20%

TABLE 1. Comparison of the measured amino acid composition
of cytochromes P-450su1 and P-450sU2 with the amino acid

composition predicted from the DNA sequences
of suaC and subCa

No. of residues/mol
Residue

P-450sul SuaC P-45Osu2 SubC

Asx 40 37 38 36
Thr 28 30 31 33
Ser 18 19 14 14
Glx 48 44 39 35
PIro 28 27 29 33
Gly 33 29 30 27
Ala 48 43 52 45
Val 33 32 29 32
Met 7 7 8 9
Ile 13 18 14 17
Leu 48 48 50 49
Tyr 8 7 4 4
Phe 13 12 13 13
His 11 12 10 9
Lys 6 5 5 3
Trpb 2 2 2 3
Arg 34 30 49 41
CysC 3 3 6 6

a Measured amino acid compositions of P-450su1 and P-450sU2 are based
on analysis of -400 pmol of apoprotein, using a 24-h hydrolysis in 6 M HCI at
110°C, and the residues per mole calculation assumed a molecular weight of
45,000 for both proteins. The predicted residues per mole calculations for the
SuaC and SubC proteins are from translation of the open reading frames for
either protein as deduced from the DNA sequences of the suaC and subC
genes (Fig. 5A and B).

b Tryptophan was estimated from the UV spectra of the apoproteins in 6 M
guanidine hydrochloride by the method of Ragone et al. (27).

Cysteine was measured as carboxymethylcysteine (9).

glycerol and broken by freezing and thawing twice. Cellular
debris was removed by pelleting at 15,000 x g for 10 min.
Proteins from plasmid-bearing (pCE320, pUC18-24a, or
pUC19) strains of E. coli were prepared in the same manner
as those from E. coli lambda lysogens except that cultures
were grown at 37°C at all times before and after addition of
isopropyl-p3-D-thiogalactopyranoside. Protein concentra-
tions were determined by the Bio-Rad protein assay with
bovine serum albumin as a standard (4).
SDS gel electrophoresis of proteins was performed as

described previously with 7.5% polyacrylamide gels (i6).
Proteins in these gels were electrophoretically transferred to
nitrocellulose, and specific proteins were antigenically iden-
tified by the Western blot procedure (36) with alkaline
phosphatase-conjugated anti-rabbit antiserum to identify the
proteins to which the prima'y antibody bound.

RESULTS

Characteristics of cytocbromes P-450su1 and P-450SU2. Pre-
viously, it had been noted that the spectroscopic, chromato-
graphic, and antigenic properties of cytochromes P-450su1
and P-450SU2 were sufficiently different to suggest that the
cytochromes were distinct gene products (23, 24). Purifica-
tion of both cytochromes and analysis of the properties of
the apoproteins prepared as in Fig. 1 allowed further com-
parison. Major differences in the proteins, particularly in the
Tyr, Arg, and Cys content (Table 1), the N-terminal se-
quences (Fig. 2), and the readily resolvable chromatographic
differences, under both native (24) and denaturing (Fig. 1)
conditions confirmed that these proteins were distinct and
not derived one from another by proteolysis, as has been
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FIG. 2. Amino-terminal sequencing of apocytochromes P-450. Sequences were based on the analysis of 544 pmol of P-450SU1 and 620 pmol
of P45OSU2 (measured from amino acid composition). Based on these amounts of protein, sequencer amino acid yields on cycles 1 and 30 were
85 and 30%o, respectively, for P-450su1 and 52 and 17%, respectively, for P-450SU2.

shown to be the case with some Streptomyces P-450 cy-
tochromes (37).

Cloning DNAs encoding cytochromes P-450su1 and P-
450SU2. A Agtll library of S. griseolus was screened with
polyclonal anti-P-450sul antiserum. This antiserum has been
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shown to be specific for cytochrome P-450su1, with little
cross-reactivity to cytochrome P-450SU2 or other cy-
tochromes P-450 tested (23) (also see Fig. 6). Six clones that
reacted with the anti-P-450sul antiserum were obtained.
Preliminary restriction endonuclease mapping of the DNA
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FIG. 3. (A) Western blot analysis of proteins from E. coli lysogenic for Agtll or Agtll-24a with anti-P-450sul antiserum. E. coli lysogens
were grown up, induced, and lysed. Total protein (approximately 50 ,ug) was electrophoresed in an SDS-7.5% polyacrylamide gel, transferred
to nitrocellulose, and probed with anti-P-450sul antiserum. Lanes: 1, 1 ,ug of P-450SU1 protein; 2, protein from an E. coli lysogen of Agtll;
and 3 and 4, protein from two independent E. coli lysogens of Agtll-24a. The positions and sizes in kilodaltons (kd) of prestained marker
proteins (Bethesda Research Laboratories) are indicated. (B) Restriction endonuclease map of the DNA of the S. griseolus chromosome
surrounding the suaC gene. Also indicated are the DNA segments of this region in pCAO302 and Xgt1l-24a(pUC18-24a). (C) Probing of
pCAO302 with a 16-fold-degenerate oligonucleotide derived from amino acids 6 to 12 of the amino-terminal amino acid sequence of purified
P-450sul (Fig. 2). The oligonucleotide used contained only G or C at position 3 of each codon because of the highly biased codon usage of
Streptomyces species (3). The following oligonucleotide sequence was used:

5'-ACG/C-CCG/C-CAG-ACG/C-ACG/C-GAC -GC-3'
Thr6 - Pro -Gln- Thr - Thr -Asp-Ala12

In panel I is a diagram of the restriction endonuclease fragments of the digests, and in panel II is the autoradiograph of the nitrocellulose filter
upon which these DNAs were transferred and probed with the 5'-32P-labeled oligonucleotide. All digestions are of pCAO302. Lanes: 1,
BamHI; 2, BamHI plus EcoRI; 3, BamHI plus SacI; 4, BamHI + SphI; 5, BamHI plus EcoRI plus SacI; 6, BamHI plus EcoRl plus SphI;
7, BamHI plus SacI plus SphI; 8, 1-kb ladder (Bethesda Research Laboratories) of marker DNAs. The sizes of the marker DNAs are
indicated.
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FIG. 4. Cloning of the subC gene. (A) Southern blot of S. griseolus DNA cut with BamHI and probed with pCAO302. The sizes of the
marker DNAs (in kilobases) are indicated. (B) Restriction endonuclease map of pCAO304 indicating the position of the subC gene coding
sequence. (C) Restriction endonuclease digests of pCAO304 electrophoresed on a 1.5% agarose gel probed with a 16-fold-degenerate 26-mer
oligonucleotide derived from amino acids 22 to 30 of the NH2-terminal amino acid sequence of purified P-450SU2 (Fig. 2). The oligonucleotide
used contained only G or C at position 3 of each codon because of the highly biased coding usage of Streptomyces species (2). The following
oligonucleotide was used:

5'-TGC-CCG/C-TTC-GAC-CCG/C-GCG/C-CCG/C-GAC-GT-3'
Cys22- Pro -Phe-Asp- Pro - Ala - Pro -Asp-Val30

In panel I is a diagram of the restriction endonuclease fragments of the digest, and in panel II is the autoradiograph of the filter upon which
these DNAs were transferred and probed with the 5'-32P-labeled oligonucleotide as described in the Materials and Methods. All digestions
are of pCAO304. Lanes: 1, BamHI; 2, BamHI plus NaeI; 3, BamHI plus Sacl; 4, BamHI plus Nael plus Sacl; 5, 1-kb ladder (Bethesda
Research Laboratories) of marker DNAs. The sizes of the marker DNAs are indicated.

inserts from these clones indicated that they were all from
the same region of the S. griseolus chromosome (data not
shown). We chose one of the antibody-positive phage,
Xgtll-24a, with which to make a lysogen of E. coli Y1089.
Protein from the induced lysogen showed several, large 130-
to 160-kDa protein bands that cross-reacted with anti-P-
450sul antibody (Fig. 3A). This was consistent with it
encoding a P-galactosidase fusion protein (,-galactosidase,
114 kDa; P-450su1, -45 kDa) containing at least part of the
P-450sul-coding sequence.
The insert from Agtll-24a (Fig. 3B) was subcloned into

pUC18, creating pUC18-24a, and this plasmid was used to
probe a XEMBL4 library of S. griseolus DNA to obtain
additional clones from this region of the S. griseolus chro-
mosome. A 2.4-kb BamHI fragment was isolated from one of
these X clones that spanned the junction of the fusion protein
encoding fragment from Xgtll-24a, and it was subcloned into
pUC18, creating pCAO302 (Fig. 3B). Restriction digests of
the 2.4-kb BamHI fragment from pCAO302 were probed
with an eightfold-degenerate 20-mer oligonucleotide derived
from the NH2-terminal amino acid sequence of cytochrome

P-450su1 (Fig. 2). This showed that the NH2 terminus of
P-450su1 was located within a 0.4-kb EcoRI-SphI DNA
restriction endonuclease fragment in pCAO302 (Fig. 3C).
Since cytochrome P-450su1 has a molecular weight of ap-
proximately 45,000, it should be encoded by an open reading
frame encoding -400 to 420 amino acids or be about 1,200 to
1,260 base pairs long. Assuming that the orientation of the
gene shown in Fig. 3B was as determined from the Agtll-24a
clone, the 2.4-kb BamHI fragment in pCAO302 was ex-
pected to encode the complete cytochrome P-450su1 pro-
tein.
When the 2.4-kb BamHI DNA fragment containing the

suaC gene was used to probe total S. griseolus DNA cleaved
with BamHI, a weak 2.0-kb band hybridized to the probe in
addition to the expected strong 2.4-kb band (Fig. 4A).
Although polyclonal antibodies to cytochromes P-450su1
and P-450SU2 do not show strong cross-reactivity, we still
suspected that the genes for the two proteins might show
homology at the DNA level. In mammals, multiple cy-
tochromes P-450 induced by the same compound often show
significant homology at the DNA level (11, 35). Thus, we
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GENES FOR S. GRISEOLUS HERBICIDE-INDUCIBLE CYTOCHROMES

FIG. 5. DNA sequences of the suaC (A) and subC (B) genes. The deduced amino acid sequences of cytochromes P-450su1 and P-450SU2
are indicated along with the ribosome-binding sites (RBS) for each coding sequence. Inverted repeat sequences upstream of the suaC and
subC coding sequences are indicated by arrows. The nucleotide sequence data reported here have been submitted to GenBank and assigned
the accession numbers M32238 (suaC) and M32239 (subC).

cloned the DNA that cross-hybridized to the suaC gene. A
library of 2.0-kb S. griseolus PH2001 BamHI DNA frag-
ments was made in pUC19 and was screened with the
suaC-containing 4.0-kb EcoRI DNA fragment from Xgtll-
24a to identify clones containing the cross-hybridizing DNA.
DNA from one such clone, pCAO304, was probed with an
eightfold-degenerate 26-mer oligonucleotide derived from
the NH2-terminal amino acid sequence of cytochrome P-
450sU2 (Fig. 2 and 4C). Specific hybridization of the oligo-
nucleotide to a 0.45-kb BamHI-NaeI restriction endonucle-
ase fragment indicated that the DNA contained at least the
amino terminus of the subC gene. DNA sequence analysis
below showed that this DNA fragment contained the com-
plete coding sequence for cytochrome P-450SU2.
DNA sequence of suaC (P-450su1) and subC (P-450SU2)

genes. The DNA sequence of the suaC and subC genes was
determined (Fig. 5A and B). An open reading frame that
began with the same 31 NH2-terminal amino acids deter-
mined from purified cytochrome P-450su1 (excluding the
initiation methionine) (Fig. 2) was found on pCAO302 in the
region between the EcoRI and SphI sites indicated by
oligonucleotide probing. This open reading frame extended
from nucleotides 128 to 1348 and encoded a protein of 44.3
kDa. DNA sequence analysis of the 2.0-kb insert in
pCAO304 showed that it contained the subC gene encoding
cytochrome P-450SU2 (Fig. 5B). An open reading frame
extended from nucleotides 195 to 1406 encoding a protein of
44.4 kDa that had the same 32 amino-terminal amino acids

Al 2 3 4 5 6 7

kdl

- 200

-94

- 68

_o - _

(excluding the initiation methionine) (Fig. 2) as purified
cytochrome P-450SU2. The overall amino acid composition
of the encoded proteins was also very similar to that of
purified cytochromes P-450su1 and P-450SU2 (Table 1). The
open reading frames for these two genes were typical of
those from Streptomyces species in being 70.2% G+C for
suaC and 72.4% for subC and having a very high percent
G+C content in position 3 of the codons in the open reading
frame (95.3 and 96.0%, respectively) (3). Both genes also had
Streptomyces ribosome-binding sites 6 to 8 base pairs up-
stream of their initiation codons (2, 32).
We also used the open reading frames for suaC and subC

to express cytochromes P-450su1 and P-450SU2 in E. coli
(Fig. 6). The plasmid pUC18-24a contained the suaC open
reading frame directly downstream of the P-galactosidase
promoter from pUC18. The plasmid pCE320 was created
from pCAO304 by cleavage at its unique EcoNI site (base
pairs 155 to 165 in Fig. SB), 35 base pairs upstream of the
subC start codon, and the unique HindIII site in the poly-
linker portion of the plasmid. The ends were filled in with the
Klenow fragment of DNA polymerase, and the DNA was
recircularized to form pCE320. The plasmid pCE320 con-
tains the subC open reading frame directly downstream of
the ,B-galactosidase promoter from pUC19. E. coli carrying
pUC18-24a expressed a protein of the same size as cy-
tochrome P-450su1 that was bound by anti-P-450sul antise-
rum (Fig. 6A). Similarly, E. coli carrying pCE320 expressed

B1 2 3 4 5 6 7
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- 200
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-43

FIG. 6. Expression of the suaC and subC open reading frames in E. coli. Purified cytochromes P-450su1 or P-450SU2 or total protein from
lysed, plasmid-bearing strains ofE. coli was run on SDS-polyacrylamide gels, transferred to nitrocellulose, and probed with antibody to either
cytochrome P-450su1 (A) or P-450SU2 (B). Lanes: 1, 100 ,ug of protein from E. coli containing pUC19; 2, 100 ,ug of protein from E. coli
containing pUC18-24a; 3, 100 ,ug of protein from E. coli containing pCE320; 4, 100 ng of P-450su1; 5, 250 ng of P-450su1; 6, 100 ng of P-450SU2;
7, 250 ng of P-450SU2. The positions and sizes in kilodaltons (kd) of prestained marker proteins (Bethesda Research Laboratories) are
indicated.
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FIG. 7. Dot-plot comparison of the suaC and subC DNA sequences. The DNA sequences for suaC and subC, from Fig. 5A and B, were

compared by using the program COMPARE with a window size of 21 and a stringency of 16 (8). the resulting points were plotted by using
DOTPLOT (8). The suaC sequence is on the y axis, and the subC sequence is on the x axis. The protein-coding sequence of each gene are
indicated by arrows.

a protein of the same size as cytochrome P-450SU2 that was
bound by anti-P-450sU2 antiserum (Fig. 6B).
The DNA sequences of the suaC and subC genes are

similar to one another as expected from the cross-hybridiza-
tion of the two. A dot-plot comparison of the DNA sequence
of the two genes is shown in Fig. 7. The two DNAs show an
overall homology of 65.4%, while the amino acid sequences
of the two proteins show 44.4% identity.

DISCUSSION

We purified cytochrome P-450SU2, cloned the genes en-
coding cytochrome P-450SU1 (suaC) and cytochrome P-
450sU2 (subC) from S. griseolus, and expressed these genes
in E. coli. With the information obtained from sequencing
the suaC and subC genes, we were interested in comparing
the amino acid sequences of cytochromes P-450su1 and
P-450SU2 with that of the well-characterized cytochrome
P-450CAM from P. putida (Fig. 8) (38). A comparison of the
three proteins showed few amino acids in the N-terminal
region (residues 1 to 62 in P-450CAM) conserved among all
three proteins. In contrast to these dissimilarities were
several patches of strongly conserved amino acids (identical
in all three proteins) in the C-terminal half of the proteins,
the major and notable ones at residues 244 to 252, 284 to 290,
and 350 to 366 (P-450cAm numbering).
The availability of a high-resolution (0.163-nm) crystal

structure for cytochrome P-450CAM (25, 26) enabled a high-
er-order structural analysis of the primary sequence compar-
ison shown in Fig. 8. The relationship among the three
proteins was strongest in the structural features involved in
attaching and aligning the heme. The thiolate-proximal li-

gand of the heme (Cys-357 of P-450CAM) and the residues
forming a pocket around it (residues 350 to 360 in P-450CAM)
were strongly conserved; parts of two alpha helices that
sandwich the heme were strongly conserved (the middle of
helix I and the N-terminal end of helix L, indicated in Fig. 8),
as were the Pro residues that terminate these helices. Addi-
tionally, three of the five amino acids (Arg-112, Arg-299, and
His-355) that were previously shown to be hydrogen bond
donors to the propionate groups of the heme in P-450CAM
have identical amino acids at the aligned positions of P-
450Sul and P-450SU2. The residues proposed to form part of
the oxygen-binding site of P-450CAM (residues 248 to 252)
have been shown to be strongly conserved in numerous
P-450 cytochromes as the sequence -G/A-G-X-D/E-T- (26)
and appear in both P-450su1 and P-450SU2 as -A-G-H-E-T-.

Functionally, the substrates for P-450CAM and the S.
griseolus cytochromes are not interchangeable, most clearly
demonstrated by the finding that camphor does not elicit a
"type I" substrate binding spectrum from P-450su1 and
P-450SU2 and that chlorsulfuron does not elicit one from
P-450CAM (data not shown). The common substrate-product
characteristics of P-450su1 and P-450SU2 (23) imply they
have similar active sites. Therefore, more sequence similar-
ity should exist between P-450su1 and P-450SU2 than with
P-450CAM in the regions of the protein that interact with
substrate. Comparison of the three proteins revealed only
one segment that fills both criteria of being in a region of
substrate binding (from the P-450CAM crystal structure) and
being similar in both P-450su1 and P-450SU2 (the positions
analogous to 244 to 247 in helix I of P-450CAM)* Further
analysis of the seven specific amino acids that are within 0.4
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FIG. 8. Alignment of amino acid sequences of cytochromes P-450CAM, P-450su1, and P-450SU2. The amino acid sequence of P-450CAM (38)
and those of P-450SU1 and P-450SU2 deduced from the DNA sequences of the suaC and subC genes were aligned by using the GAP program

of the University of Wisconsin Genetics Computer Group Package (8). Pairwise comparisons were made with GAP by using a gap weight of
3.0 and a length weight of 0.1, and the gapped sequences were then compared with each other, again by using GAP. Final alignment of the
sequences was done manually to remove redundant gaps. The positions of selected amino acids in the P-450CAM sequence are indicated above
those amino acids: residues 87, 96, 185, 244, 247, 295, and 297 forming the substrate-binding site; three cis-prolines at 89, 100, and 106; the
heme cysteine ligand (amino acid 357); and the hydrogen bond donors to the heme propionates (amino acids 108, 112, 297, 299, and 355). The
amino acids composing helix I, helix L, and the heme ligand pocket of P-450CAM (amino acids 350 to 360) of P-450CAM and the corresponding
aligned amino acids of P-450su1 and P-45OSU2 are boxed. The consensus amino acids (26) for the 02-binding site are indicated at their
corresponding positions (amino acids 248 to 252 of P-450CAM)- Shaded boxes indicate amino acids that are conserved between the aligned
amino acid sequences of the P-450 cytochromes.
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nm of the substrate in P-450CA and of three cis-prolines
important for forming part of the binding site revealed that
five of the active site amino acids and two of the prolines are
conserved in P-450SU2. This similarity is notable given the
overall lack of-functional and sequence similarity between
P-450CAM and P-450SU2 and emphasizes the dissimilarity of
P-450su1, which retains only one of the active site amino
acids and one of the prolines.

In searching the National Biomedical Research Founda-
tion protein data base, we found P-450cAm and P-450BM-1
from Bacillus megaterium (13) to be the cytochromes P-450
most similar to P-450su1 and P-45OSU2. The overall amino
acid sequences of P-450su1 and P-45OSU2 were shown to be,
respectively, 29.7 and 29.4% identical to that of P-450BM-1
and 25.9 and 27.8% identical to that of P-450CAM. This,
however, was considerably less similarity than had been
found between members of cytochrome P-450 gene families
in mammalian cells, in which members of a P-450 gene
family have been defined as those having >36% amino acid
identity (21). No P-450 amino acid sequence examined had
>29.7% identity to that of P-450su1 and P-450SU2, and thus
these cytochromes P-450 are members of a new P450 gene
family by the criterion of Nebert et al. (21). They were
shown to be members of the same P-450 gene family since
the two proteins show an overall amino acid identity of
44.4%. Using the nomenclature of Nebert et al. (21), P-
450Oul and P-450SU2 were named P-450CVA1 and P-
450CVB1, respectively.
Although the amino acid sequences of P-450CAM and the

two herbicide-inducible cytochromes P-450 from S. griseo-
lus showed regions of similarity to one another, a compari-
son of the DNA sequences encoding either of the two
Streptomyces proteins with that coding for P-450CAM
showed little similarity (data not shown). This was due, at
least in part, to the higher percent G+C content of DNA
from P-450su1 and P-450SU2 of Streptomyces origin (70.2%
G+C) compared with that of P-450CAM (38) from P. putida
(59% G+C), resulting in a strong percent G+C bias in
position 3 for each codon of the two Streptomyces genes. A
similar lack of DNA sequence homology was seen between
the DNA sequences of the genes encoding P-450BM-1 (13)
and suaC or subC. The DNA sequences encoding P-450su1
and P-450SU2 did show significant homology as demon-
strated by cross-hybridization of the two (Fig. 4A) and in the
dot-plot comparison shown in Fig. 7. Thus, it is possible that
the two S. griseolus cytochrome P-450 genes, suaC and
subC, arose from one another by a gene duplication. Restric-
tion endonuclease mapping of the two genes, however, did
not show them to be near one another (>10 kb) on the S.
griseolus genome (data not shown).
With the availability of the two genes encoding these

herbicide-inducible cytochromes P450, we intend to study
how these genes are regulated by sulfonylureas as an exam-
ple of a response of a microbe to chemicals foreign to its
environment. Numerous sulfonylurea compounds of varied
structures act as inducers of these genes in S. griseolus. We
do not, however, know what is the natural inducer(s) of
these genes. We also would like to understand the mecha-
nism of the induction of suaC and subC since in wild-type S.
griseolus the levels of cytochrome P-450sul and P-450SU2
proteins go from essentially undetectable before induction to
greater than 1% of the soluble protein after induction with
the sulfonylurea chlorimuron ethyl.
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